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Biologic machines need brakes, and the nature and fidel-
ity of their operation cannot be unraveled without some
prior understanding of how accelerators work. The dis-
covery of mammalian G, cyclins just 4 years ago and the
identification of their associated cyclin-dependent ki-
nases (cdks) provided key insights scon thereafter as to
how progression through the first gap phase (G,) of the
mammalian cell cycle might be regulated positively.
Within the past 18 months, we have begun to learn
something about the negative regulators—cdk inhibi-
tors—that constrain their action.

Targets of G, cdk inhibitors: G, cyclin-dependent
kinases

The commitment of cells to enter the DNA synthetic (S)
phase of the cell cycle occurs at a restriction (R) point
late in G, phase, after which mitogenic growth factors
are no longer required for cells to complete division (Par-
dee 1989). Cells initiate DNA synthesis 1-3 hr after pass-
ing the R point, indicating that the decision to enter S
phase and the actual onset of DNA replication are sepa-
rately controlled events. At least in part, both are gov-
erned by G, cyclins, which assemble with cdks to form
functional holoenzymes whose phosphorylations of key
substrates facilitate these transitions (for review in
greater detail, see Pines 1993; Sherr 1993, 1994a, and
summarized briefly below).

As cells enter the cycle from quiescence (G}, D-type
cyclins and cyclin E are synthesized sequentially during
the G, interval (Koff et al. 1991; Lew et al. 1991; Mat-
sushime et al. 1991}, both being rate-limiting for S-phase
entry (Ohtsubo and Roberts 1993; Quelle et al. 1993;
Resnitzky et al. 1994} (Fig. 1). Genes encoding D-type
cyclins (D1, D2, and D3), progressively induced as part of
the delayed early response to mitogenic stimulation, are
expressed in a cell lineage-specific fashion. Because cells
synthesize different combinations of D-type cyclins,
none is likely to be essential for G, progression. Their
assembly with cdk4 and cdk6 (Matsushime et al. 1992;
Bates et al. 1994a; Meyerson and Harlow 1994) is regu-
lated post-translationally by mitogens (Matsushime et
al. 1994), and once assembled, cyclin D-bound cdks must
be phosphorylated on a single threonine residue by a cdk-

activating kinase {CAK) to acquire catalytic activity
(Kato et al. 1994b; Matsuoka et al. 1994) (Fig. 1). D-type
cyclins are short-lived proteins {t,,,<25 min); therefore,
withdrawal of growth factors during G, phase prevents
their steady accumulation and correlates with the failure
of growth factor-deprived cells to progress past the R
point. In contrast, their destruction later in the cell cycle
is without effect (Matsushime et al. 1991). Therefore, a
cardinal property of the D-type cyclins is their regulation
by extracellular signals, as opposed to cyclins E, A, and B
whose expression during the cell cycle is periodic.

Cyclin D-dependent cdk4 and cdké activity are first
detected in mid-G, phase and increase as cells approach
the G,/S boundary {(Matsushime et al. 1994; Meyerson
and Harlow 1994). Unlike other known cdks, cyclin
D-dependent kinases have a distinct substrate preference
for the retinoblastoma protein (pRb) over histone H1
(Matsushime et al. 1992), reflecting the ability of D cy-
clins to bind to pRb directly (Dowdy et al. 1993; Ewen et
al. 1993; Kato et al. 1993). Several lines of evidence sug-
gest that pRb is a key physiologic substrate of cdk4 and
cdk6 (see below), although other cdks may contribute to
pRb phosphorylation later in the cycle. In turn, pRb
binds to and negatively regulates transcription factors,
such as E2F, whose activities are required for S-phase
entry (Nevins 1992; Hinds and Weinberg 1994; Sherr
1994b). pRb phosphorylation at or near the R point can-
cels its growth-suppressive function, releasing these
transcription factors from pRb constraint and enabling
them to activate genes whose products are necessary for
S-phase entry {Fig. 1}.

Cyclin E is expressed periodically at maximum levels
near the G, /S transition, assembling with a distinct cat-
alytic subunit, cdk2 (Dulic et al. 1992; Koff et al. 1992)
(Fig. 1}. The latter must also be activated by CAK to yield
a functional holoenzyme (Fisher and Morgan 1994;
Makela et al. 1994 and references therein). Recent bio-
chemical data suggest that cyclin E might also activate
cdk3 (Harper et al. 1995), a catalytic subunit closely re-
lated to cdk2, which also plays a putative role in G, exit
(van den Heuvel and Harlow 1993). In Drosophila, cyclin
E is essential for completion of G, and entry into S phase
(Knoblich et al. 1994). Evidently it regulates a transition
different from that promoted by cyclin D1, because cy-
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Figure 1. Positive and negative regulators of G, progression. The length of G, is designated by the arrow at the bottom with the
restriction (R) point indicated. Early in G,, mitogens activate synthesis of D-type cyclins that assemble with cdk4 or cdké (the latter
not shown). In cells in which ectopic expression of both cyclin D and cdk4 are enforced, their assembly remains growth factor
dependent, implicating an unknown regulator (“assembly factor”) in the process (Matsushime et al. 1994). Cyclin E is expressed later
in G, phase than D-type cyclins and forms complexes with cdk2. Both classes of complexes require CAK-mediated phosphorylation
to become catalytically active. D-type {and likely E-type) cdks are shown to phosphorylate pRb sequentially, releasing bound tran-
scription factors {TFs) such as E2F, which activate genes required for S-phase entry. Cyclin E-cdk2 is also suggested to phosphorylate
other substrates to regulate a separate transition. In principle, cyclin D and E could both contribute to R point control; cyclin
E-dependent kinases might trigger the onset of S phase. When expressed in G, phase, Ink4 (INK4) proteins can compete with D cyclins
for cdk4 and cdké6 to form independent binary complexes and can inhibit the catalytic activity of the assembled, CAK-modified
complexes. In binding to cyclin-bound cdks, p27 and p21 can also work at two points to interfere sterically with CAK-mediated

activation and to extinguish the activities of the CAK-modified holoenzymes.

clin E, but not D1 {Lukas et al. 1994, 1995a; Tam et al.
1994b), is essential for entry into S phase in mammalian
cells lacking functional pRb (Ohtsubo et al. 1995). In
rodent fibroblasts engineered to express inducible cyclin
D1 or cyclin E (Resnitzky et al. 1994}, induction of cyclin
D1 triggers rapid pRb phosphorylation but cyclin E does
not (Resnitzky and Reed 1995). In collaboration with cy-
clin D-dependent kinases, however, the cyclin E-cdk2
complex may contribute to pRb phosphorylation late in
G, (Hinds et al. 1992; Hatakeyama et al. 1994}, and it
likely phosphorylates other key substrates, perhaps act-
ing to trigger the actual onset of DNA replication once
cells pass the R point (Fig. 1).

The identification of D- and E-type cyclins and their
associated cdks led to vigorous efforts to define the basis
of their regulation. Arguably, among the most exciting
recent findings have been the discoveries of novel mam-
malian G, cdk inhibitors, whose newly unveiled func-
tions are now helping to explain how antiproliferative
signals arrest cells in G, to enable such diverse processes
as repair of DNA damage, terminal differentiation, and
ucli SCIICSCCIICE,
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p21 (Cip1, Wafl, Sdil, Cap20)

In normal fibroblasts, the majority of cdks are gathered
into quaternary complexes that contain, in addition to a
cyclin and a cdk, the proliferating cell nuclear antigen
[[PCNA) a subunit of DNA polymerase-8{pol-3); see be-
low] and a protein of M, 21,000, p21 (Xiong et al. 1992;
Zhanget al. 1993). The p21 protein binds directly to cdc2
(cdkl), cdk2, and cdk4 (Harper et al. 1993; Xiong et al.
1993a,b; Zhang et al. 1993; Dulic et al. 1994) and copre-
cipitates with them in enzymatically active complexes
formed with cyclins A, B, D, and E isolated from non-
transformed cells (Xiong et al. 1993a; Zhang et al. 1993,
1994). Molecular cloning of p21, reconstitution of the
purified protein with cyclin—~cdk complexes in vitro, and
its enforced expression in mammalian cell lines revealed
that it can act as a potent and universal inhibitor of cdk
enzyme activity that is capable of inducing cell cycle
arrest (El-Deiry et al. 1993; Y. Gu et al. 1993; Harper et
al. 1993; Xiong et al. 1993b; Noda et al. 1994).

The ability of p21 to inhibit cyclin—cdk activity ap-
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cyclin—cdk complexes in normal cycling cells. p21 is in-
duced when quiescent fibroblasts and T lymphocytes are
stimulated to proliferate by mitogenic signals (Firpo et
al. 1994; Y. Li et al. 1994; Noda et al. 1994; Nourse et al.
1994; Sheikh et al. 1994). This apparent paradox is re-
solved by observations that p2l-cyclin—cdk complexes
harvested from proliferating cells retain kinase activity
that is extinguished by addition of more p21 (Zhang et al.
1994; Harper et al. 1995). Therefore, conversion of active
complexes to inactive ones is achieved by changing the
ratio of p21 to cyclin—cdk, such that active complexes
contain a single p21 molecule, whereas inactive ones
include multiple p21 subunits. Induction of p21, or dim-
inution of cyclin—cdk levels, could lead to cell cycle ar-
rest by allowing the amount of cyclin—cdk complexes in
the cell to fall below an inhibitory threshold imposed by
p2l. It remains unclear, however, whether the single
molecule of p21 present in active cyclin—cdk complexes
contributes to their function, perhaps by modifying their
enzymatic activities in a more subtle manner.

The fact that complexes containing p21 and cyclin—
cdks also include PCNA (see above) suggests that p21
might coordinate the effects of cdks on cell cycle pro-
gression with processes of DNA replication and/or repair
{Fig. 2). p21 contacts PCNA independently, and inclu-
sion of PCNA has no apparent effect on the inhibition of
cyclin-bound cdks by p21 (Zhang et al. 1994). Using an
SV40-based DNA replication system to study the effects
of PCNA on DNA replication in vitro, p21 was found to
block the ability of PCNA to activate DNA pol-3 (Flores-
Rozas et al. 1994; Waga et al. 1994). PCNA and p21 in-
teract with one another directly, and the effect of p21 is
to impede the processive movement of pol-8 during
DNA chain elongation without affecting the assembly of
the PCNA-containing pol-3 holoenzyme. Although
PCNA is also required for nucleotide excision repair of
DNA, this process is unaffected by p21 (R. Li et al. 1994,
Shivji et al. 1994). In principle, the interaction of p21
with PCNA might facilitate a proper balancing of the
DNA replication and repair machinery throughout the
cell cycle.

Irradiation
Drugs

in vivo: Damage

~ DNA

G, phase CDK inhibitors

The cdk-inhibitory and PCNA-binding domains of p21
are functionally distinct and reside in the amino-termi-
nal and carboxy-terminal halves of the molecule, respec-
tively (Chen et al. 1995; Luo et al. 1995; Nakanishi et al.
1995; Warbrick et al. 1995). The entire human p21-cod-
ing sequence is 164 amino acids in length, and residues
1-71 alone are highly active in inhibiting both cdk activ-
ity and DNA synthesis in transfected human fibroblasts
(Nakanishi et al. 1995). Conversely, a 20-amino-acid pep-
tide comprising residues 141-160 binds PCNA very ef-
ficiently and inhibits SV40 DNA replication in vitro at
micromolar concentrations only 10-fold higher than
those required for the full-length protein (Warbrick et al.
1995).

Despite the compelling nature of results emanating
from experiments using in vitro systems, it is important
to discern which structural features of p21 are responsi-
ble for growth arrest and for inhibition of DNA replica-
tion in vivo. In Xenopus extracts, replication of double-
stranded DNA was blocked efficiently only by the cdk-
inhibitory domain of p21 at concentrations similar to
those of cyclin E-cdk2 (Chen et al. 1995). p21 interrupts
an early step of DNA synthesis in this system, but not
the elongation of preassembled replication forks, and the
replication block could be overcome by addition of cy-
clins E or A, but not cdk2 or PCNA (Strausfeld et al.
1994). Therefore, cyclin—cdk2 complexes rather than
PCNA are limiting and selectively targeted by p21. In
agreement, introduction of the amino-terminal but not
the carboxy-terminal domain of p21 suppressed colony
formation by p53-negative human Saos-2 osteosarcoma
cells (Chen et al. 1995). In transient assays, however,
transfection of either the amino- or carboxy-terminal do-
mains of p2l (each tagged with an SV40 T antigen nu-
clear localization signal) into mink lung cells signifi-
cantly inhibited cellular DNA synthesis, although the
carboxy-terminal segment was relatively less efficient
{Luo et al. 1995). Deletion of amino acids 6671 from the
amino-terminal moiety of p21 resulted in a protein that
lacked cdk2 inhibitory activity in vitro but retained the
ability to inhibit DNA synthesis in p53-negative human

Figure 2. Induction of p21 by p53 causes
cell cycle arrest and inhibits DNA replica-
tion. In response to DNA-damaging agents,
p53 levels increase, resulting in induction
of p21. p21 forms independent complexes
with cyclin—cdks to inhibit their activity
and with PCNA, a subunit of pol-8, to pre-
vent processive DNA synthesis in vitro. In
contrast, p21 does not inhibit the role of
G1 PCNA in DNA repair. Both effects may

point.” Because G,-specific cdks are inhib-
ited in vivo, pRb remains unphosphory-
lated. Certain cell types execute an alterna-
tive program leading to programmed cell
death, which appears to depend on other
functions of p53 {most likely including
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fibroblasts (Nakanishi et al. 1995), again suggesting that
some of the observed growth inhibitory effects may be
attributable to the p21 PCNA-binding domain. In all
cases, it appears that the cdk-binding domain of p21 is
more potent at blocking cell cycle progression than is the
PCNA-binding domain, although both can clearly in-
hibit DNA synthesis when present at sufficiently high
levels. In vivo, the amount of p21 induced by DNA dam-
age is sufficient to block cdk activity, but it remains to
be determined whether its level rises high enough to
block the replicative functions of PCNA.

In fibroblasts transformed by DNA tumor viruses or in
those derived from p53-deficient Li-Fraumeni patients,
newly synthesized p21 and PCNA were no longer de-
tected in association with cyclin-bound cdks, suggesting
that expression of functional p53 might somehow facil-
itate the formation of these higher order complexes
(Xiong et al. 1993a). Previously the p53 protein was rec-
ognized to induce G,-phase arrest (Martinez et al. 1991)
in response to DNA damage (Kastan et al. 1991; Kuerbitz
et al. 1992), and its loss or inactivation can promote
chromosomal instability {(Kastan et al. 1992; Livingstone
et al. 1992; Yin et al. 1992; Lu and Lane 1993). Using a
subtractive hybridization approach to identify p53-re-
sponsive genes, El-Deiry and co-workers (1993) fingered
the p21 gene as a p53-responsive element, implying that
it may be a central mediator of p53-induced G, check-
point control (Fig. 2). In agreement, DNA-damaging
agents, which stabilize indirectly and thereby increase
the levels of p53 protein in cells, induce p21 synthesis,
leading to further binding of p21 to cyclin—cdk com-
plexes and to their reduced kinase activity (Di Leonardo
et al. 1994; Dulic et al. 1994; El-Deiry et al. 1994). The
ability of p21 to inhibit both the cyclin D- and E-depen-
dent kinases can explain why y-irradiated cells arrest in
G, phase with hypophosphorylated pRb (cf. Slebos et al.
1994). Through its independent effects on PCNA, p21
induction is also presumed to inhibit DNA replication
without affecting DNA repair (Fig. 2). However, in cells
harboring mutant p53, p21 is not similarly induced and
its basal level of expression in cycling cells is dimin-
ished. Importantly, cells lacking functional p53 would
have an increased probability of replicating damaged
DNA, thereby increasing their likelihood of acquiring
other chromosomal abnormalities and, therefore, predis-
posing them toward tumor development.

As an alternative and decidedly more dramatic defense
against DNA damage, cells can undergo programmed
cell death. Induction of apoptosis under these circum-
stances depends at least in part on p53 (Kastan et al.
1991; Yonish-Rouach et al. 1991; Kuerbitz et al. 1992;
Clarke et al. 1993; Lotem and Sachs 1993; Lowe et al.
1993), which could potentially operate by inducing
“death genes’” {Kastan et al. 1992} or by repressing genes
necessary for cell survival (Caelles et al. 1994). Cell cycle
arrest caused by enforced p21 expression need not trigger
a suicide program, nor does p53-dependent apoptosis re-
quire p21-induced cell cycle arrest in G, phase (Caelles
et al. 1994; Wagner et al. 1994; Canman et al. 1995). The
dependency of apoptosis on p53 1s retained in pRb-neg-
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ative cells, implying that p53 provides an important safe-
guard against the loss of the growth-suppressive function
of pRb (Debbas and White 1993; Lowe et al. 1994; Mor-
genbesser et al. 1994; Pan and Griep 1994; Qin et al.
1994; Symonds et al. 1994, Wu and Levine 1994).

Important insights into p21 function stem from its in-
dependent isolation by a completely different approach.
By transfecting cDNAs from libraries prepared from se-
nescent human fibroblasts into younger, cycling cells
and scoring the transfected cells for their inability to
replicate their chromosomal DNA, three senescent-de-
rived inhibitors (Sdi genes) were isolated, one of which
(Sdil) proved to encode p21 (Noda et al. 1994). Expres-
sion of p21 increased 10- to 20-fold in senescing fibro-
blasts, paralleling their loss of proliferative capacity. In-
active cyclin E-cdk2 and cyclin D1-cdk2 complexes also
accumulate in senescent cells (Dulic et al. 1993), and the
former complexes may well be held in check by p2l.
Whereas cyclins D2 and D3 can activate cdk2, it appears
that cyclin D1-cdk2 complexes remain catalytically in-
ert (Ewen et al. 1993a), possibly because they are not
activated by CAK (Dulic et al. 1993; Bates et al. 1994a).
In this setting cyclin D1 might itself act as a cdk inhib-
1tOr.

During mouse development, p21 mRNA, visualized by
in situ hybridization, is localized in a highly selective
manner to tissues that primarily contain postmitotic dif-
ferentiated cells (Parker et al. 1995). This is particularly
manifest in differentiating skeletal muscle, where p21 is
coexpressed temporally with myogenin. Muscle differ-
entiation is blocked in mice lacking myogenin (Hasty et
al. 1993}, but their undifferentiated myoblasts express
p21 and exit the cell cycle normally. Although p21 in-
duction may be essential for G,-phase arrest in response
to DNA damage, the fact that it can be expressed at high
levels in p53-negative cells indicates that the gene must
also be regulated independently by other transcription
factors (Jiang et al. 1994; Michieli et al. 1994, Sheikh et
al. 1994; Parker et al. 1995).

Induction of p21 has also been observed in cultured
hematopoietic cell lines undergoing differentiation
{Jiang et al. 1994; Steinman et al. 1994). Paralleling the
results obtained with muscle cells in vivo, p21 mRNA
and protein synthesis are induced during differentiation
of cultured myoblasts, preceding the expression of mus-
cle differentiation markers such as myosin light chain,
and correlating with the withdrawal of the cells from the
cycle (Halevy et al. 1995). In myoblasts shifted to me-
dium containing a low concentration of serum, the skel-
etal muscle-specific transcriptional regulator, MyoD,
was found to activate p21 gene expression in a p53-inde-
pendent manner, in accord with the ability of MyoD to
induce cell cycle arrest. Transfection of undifferentiated
myoblasts with the p21 gene (or with the specific cyclin
D-dependent kinase inhibitor, pl16™%42; see below) in-
creased muscle-specific gene expression, even in cells
maintained under nondifferentiating conditions in high
serum. Conversely, the enforced expression of cyclin D1,
but not cyclins E, A, or B, prevented MyoD from activat-
ing the expression of muscie-specific genes {Kao et ai.



1994, Skapek et al. 1995). Thus, active cyclin D-depen-
dent kinases both enforce G, progression and suppress
MyoD function in proliferating cultured myoblasts
grown in high serum (Fig. 3A). A highly phosphorylated
form of MyoD was detected under conditions where dif-
ferentiation is precluded, but the significance of these
modifications remains unclear and the kinases responsi-
ble for them have not been identified. Shifting these cells
to medium containing low serum would reduce mito-
gen-responsive cyclin D—cdk activity, activating sequen-
tially both MyoD and p21 and thereby ensuring the con-
tinued activity of MyoD as the growth-arrested cells dif-
ferentiate (Halevy et al. 1995; Skapek et al. 1995) {Fig.
3B). Given that the loss of pRb function prevents the
normal G, arrest observed in differentiated skeletal mus-
cle (W. Gu et al. 1993; Thorburn et al. 1993; J. Schneider
et al. 1994), it seems likely that cyclin D-dependent ki-
nases play a central role in inactivating both MyoD and
pRb. Direct physical interactions between the latter two
proteins have been reported (W. Gu et al. 1993}, which, at
least in principle, could help to coordinate their action.

p27 (Kip1) and p57 (Kip2)

Mink MvlLu lung epithelial cells arrest in G, phase
when grown to high density, and their entry into S phase
is prevented if they are released from contact inhibition
in the presence of transforming growth factor-g (TGF-B).
Although contact-inhibited or TGF-B-treated cells ex-
press cyclin E-cdk2 complexes, cyclin E-associated ki-
nase activity cannot be detected (Koff et al. 1993). Ex-
tracts prepared from such cells contained saturable quan-
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tities of a heat-stable cyclin E-cdk2 inhibitor, whose
activity could be overcome by addition of supraphysio-
logic quantities of recombinant cyclin E (Polyak et al.
1994a). If instead, cyclin D—cdk4 complexes were added
to inhibitory extracts from TGF-B-arrested or contact-
inhibited cells, subthreshold levels of cyclin E proved
capable of activating cdk2. Mutant, catalytically inactive
cyclin D—cdk4 complexes were equally effective in re-
versing the effects of the inhibitor on cyclin E-cdk2, sug-
gesting that the cyclin D-cdk4 complexes acted stoi-
chiometrically in binding and sequestering the inhibi-
tory components in the extracts. The inhibitor bound
efficiently to cyclin-cdk complexes, but not to cdks
alone, and its purification from boiled cell lysates by
chromatographic methods and affinity chromatography
on cyclin E~cdk2 matrices led to the identification of a
single M, 27,000 polypeptide designated kinase inhibi-
tory protein-1 (Kipl) (Polyak et al. 1994a).
Microsequencing of purified p27 and molecular clon-
ing of genes encoding the protein from mink, mouse, and
human c¢cDNA libraries (Polyak et al. 1994b), as well as
isolation of the mouse gene from a ““two-hybrid” inter-
active screen in yeast using cdk4 as “bait” (Toyoshima
and Hunter 1994), revealed that p27 and p21 share sig-
nificant amino acid homology in their amino-terminal
domains. A 60-amino-acid segment at the amino-termi-
nal end of human p27 is 44% identical to the correspond-
ing sequences of human p2l, and a polypeptide repre-
senting this region contained considerable cdk inhibi-
tory on its own (Polyak et al. 1994b). [The analogous
segment of p21 is similarly required for its cdk inhibitory
activity (see above).] Transfection of expression vectors

Figure 3. p21 as a regulator of muscle cell
differentiation. (A) Cultured myoblasts
propagated in medium containing rela-
tively high serum concentrations remain
in cycle and do not differentiate. Cyclin
synthesis continues, pRb undergoes peri-
odic phosphorylation, and MyoD is also
phosphorylated and remains inactive. It is
not known whether MyoD phosphoryla-
tion contributes to its inactivity, and the
kinases that catalyze this modification
have not been identified. For simplicity,
only a single site of phosphorylation is in-
dicated in the schematic. Shifting cells to
medium containing low serum should de-
crease the rate of cyclin synthesis, leading
to inactivation of at least part of the cy-
clin—cdk pool {B). Under these conditions,
pRb begins to accumulate in its hypophos-
phorylated form, and MyoD becomes ac-
tive. MyoD activates transcriptionally
both muscle-specific genes and p21. Induc-
tion of p21 further inhibits cdks, enforcing
a positive feedback loop that might ulti-

mately make cell cycle exit irreversible. Terminal differentiation depends on pRb function, and cells lacking functional pRb can
reenter the cell division cycle even after expressing muscle-specific genes and forming myotubes. pRb has been reported to regulate
MyoD through direct physical interactions (W. Gu et al. 1993), these not being indicated in the schematic. The model was adapted

from Halevy et al. {1995) and Skapek et al. (1995).
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encoding p27 into mink MvlLu cells or into human
Saos-2 osteosarcoma cells induced G, arrest (Polyak et
al. 1994b; Toyoshima and Hunter 1994). Because Saos-2
cells do not express functional pRb and p53, p27-induced
arrest must not depend on either of these tumor-suppres-
sor proteins. Like p21, p27 binds more avidly to cyclin—
cdk complexes than to cdks alone and can inhibit the
activity of cyclin D-, E-, A-, and B-dependent kinases in
vitro. Whereas cyclin D1 and cdk4 were detected in p27
immunoprecipitates prepared from proliferating mouse
Swiss-3T3 cells, cdc2, cdk2, and cyclins E, A, or Bl were
not visualized easily (Toyoshima and Hunter 1994).
However, in other proliferating cell types, complexes be-
tween p27 and cyclin E~cdk2 have been detected readily
(Hengst et al. 1994; Nourse et al. 1994). The binding of
p27 to different cyclin—cdk complexes need not connote
selective interactions. Rather, under circumstances
where certain cyclin—cdk complexes are more prevalent
than others, simple mass action might determine the
distribution of p27 among them.

Expression of p27 mRNA in quiescent or proliferating
Mv1Lu cells is invariant, and TGF-B treatment does not
affect its abundance detectably (Polyak et al. 1994b).
More surprising were initial observations that p27 pro-
tein levels appeared not to change as cells exited G, and
progressed through the cell cycle (Toyoshima and
Hunter 1994). However, it is likely that many estab-
lished cell lines have “learned’’ to bypass negative regu-
latory controls in the process of adaptation to culture.
We might anticipate that there would be significant dif-
ferences in the expression of cdk inhibitors in estab-
lished cell lines versus diploid strains, or, more problem-
atically for experimentalists, between cultured cells and
those in normal tissues. With these caveats in mind,
studies in a number of cell systems now suggest that p27
protein levels are subject to considerable post-transla-
tional regulation.

Levels of cdk inhibitory activity, attributable at least
in part to p27, are relatively high in quiescent MvlLu
epithelial cells and fall as cells progress through G,
phase, correlating inversely with the activation of cyclin
E—cdk2 and directly with the progressive loss of sensi-
tivity to TGF-B-mediated arrest as cells approach the
G,/S boundary (Polyak et al. 1994a; Slingerland et al.
1994). In cultured macrophages dependent on colony-
stimulating factor-1 {CSF-1) for G, progression, p27 lev-
els are elevated in arrested CSF-1-deprived cells and de-
cline in response to growth factor stimulation (Kato et al.
1994a). Analogs or inducers of cAMP prevent G, progres-
sion in CSF-1 stimulated macrophages, arresting the
cells in mid-G,, and although cyclin D1-cdk4 complexes
assemble normally in cAMP-treated cells, they remain
catalytically inactive. Inducers of cAMP increase the
overall level of p27, and more p27 accumulates in com-
plexes with cyclin D1-cdkd4. Under these circumstances,
CAK is blocked by cdk4-bound p27 from accessing and
activating the kinase, underscoring the capability of p27
to inhibit not only fully functional cyclin-cdk com-
plexes but also to interfere physically with their activa-
tion by CAK (see Fig. 1) (Kato et al. 1994a; Polyak et al.
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1994b). p27 also accumulates in quiescent human fibro-
blast strains and in HeLa cells arrested in G, phase by
treatment with lovastatin (Hengst et al. 1994; Nourse et
al. 1994). However, some of the cyclin E-cdk2 inhibitory
activity detected in quiescent diploid fibroblasts can be
attributed to other molecules {Ohtsubo et al. 1995). In
yet another setting involving mitogenic activation of
normal peripheral blood T cells, formation of functional
cyclin—cdk2 complexes does not occur in the absence of
interleukin-2 (IL-2), and quiescent cells, as well as those
stimulated by the antigen receptor to enter but not prog-
ress through G, phase, express very high levels of p27
(Firpo et al. 1994; Nourse et al. 1994). Whereas antigen
receptor signaling promotes the synthesis of cyclin D2~
cdk, E-cdk, and A-cdk complexes (Ajchenbaum et al.
1993; Firpo et al. 1994; Modiano et al. 1994), stimulation
by IL-2 leads to the rapid elimination of p27, facilitating
activation of the assembled G, phase cdks and entry into
S phase (Nourse et al. 1994). Conversely, the immuno-
suppressant rapamycin inhibits G, progression by pre-
venting the IL-2-mediated decline in p27 levels. Interest-
ingly, rapamycin also prevents the IL-2-dependent accu-
mulation of p2l1, consistent with the idea that p2l
performs an essential function in cycling cells (see
above). These results provide a mechanistic explanation
for why two distinct extracellular signals may be re-
quired for the G, to S-phase transition in normal periph-
eral blood T cells. A similar mechanism might explain
analogous phenomena in normal fibroblast stains where
the combined action of so-called competence and pro-
gression factors is also required (Pardee 1989).

The latter findings also highlight a major difference
between p21 and p27 during the initial response to
growth factor stimulation. Namely, whereas p27 tends
to accumulate in quiescent cells and declines in response
to mitogenic stimulation, p21 levels are generally low in
quiescent cells but rise in response to mitogen treat-
ment. Because p21 levels remain elevated in irreversibly
postmitotic or nondividing senescent cells (see preceding
section), these states of growth arrest differ from that of
quiescent cells, which retain a proliferative capacity.

Although the amount of p27 falls significantly during
the G, to S-phase transition, it continues to be synthe-
sized in proliferating cells, leaving the possibility open
that its expression might also be regulated periodically.
In HelLa cells synchronized in M phase with nocodazole,
or in elutriated HL60 leukemia cells in which cell size
correlates with cell cycle position, p27 levels were found
to be highest in G,-enriched fractions and declined as
cyclin E accumulated (Hengst et al. 1994). Under certain
circumstances, p27 can accumulate without an apparent
increase in mRNA or protein synthesis; therefore its lev-
els may be controlled by its turnover. However, in other
biclogic settings, the abundance of p27 mRNA and pro-
tein correlate much more closely. Evidently, the levels of
p27 can be regulated through a number of different
mechanisms.

The expression of both p21 and p27 in cycling cells
implies that cyclin~cdk complexes must overcome an
inhibitory threshold to become catalytically active



(Polyak et al. 1994a). As opposed to quiescent cells where
p27 is present in excess of cyclin—cdk complexes, cyclin—
cdk levels must exceed those of the inhibitors in cycling
cells, and consequently the pools of p27 and p21 become
sequestered into cyclin-cdk complexes (Toyoshima and
Hunter 1994; Zhang et al. 1994; Harper et al. 1995). For
cells entering the cycle, the timing of activation of cyclin
D-dependent kinases in mid-G, phase (Matsushime et al.
1994; Meyerson and Harlow 1994) is consistent with the
idea that their kinase activity first becomes manifest as
the putative cdk inhibitory threshold is exceeded (Fig.
4A). An important feature of this model is that cyclin
D-cdk complexes are perceived to play a dual role in
stoichiometrically titrating cdk inhibitors as well as in
phosphorylating critical substrates necessary for G, exit.
A prediction is that agents that inhibit the formation of
cyclin D-cdk complexes selectively might lead to an in-
crease in ““free” p21 and p27, thereby inhibiting cyclin
E-cdk2 and enforcing G, arrest (Fig. 4B). For example,
TGF-B inhibits cdk4 synthesis and assembly with cyclin
D (Ewen et al. 1993b, 1995), correlating with the ob-
served p27-mediated inhibition of cyclin E~cdk2 activity
(Koff et al. 1993; Polyak et al. 1994a; Slingerland et al.
1994). Effects of this cytokine on cdk4 synthesis may be
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p53 dependent (Ewen et al. 1995). Conversely, enforced
expression of cdk4 renders Mv1Lu mink lung cells resis-
tant to TGF-B-induced G,-phase arrest {Ewen et al.
1993b). Therefore, threshold levels of expression of cdk
inhibitors may set a dependency of cyclin E—cdk2 acti-
vation on the prior assembly of cyclin D-dependent ki-
nases, determining the order of phosphorylation of their
substrates during G, progression. The model provides a
rationale for the continued expression of cdk inhibitors
in cycling cells.

In principle, any cdk inhibitor might act as a tumor-
suppressor protein (Hunter and Pines 1994). In human
leukemias, there is a relatively high incidence of hetero-
zygous deletions at chromosome 12p12-13 involving the
KIP1 locus, but the failure to detect mutations within
the coding sequences of the remaining alleles in these
cases leaves its candidacy as a tumor suppressor uncer-
tain {Bullrich et al. 1995; Pietenpol et al. 1995; Ponce-
Castaneda et al. 1995). Given that relatively small
changes in p27 levels are sufficient to arrest the cell cy-
cle, it may be that haploid insufficiency can allow inap-
propriate proliferation of certain hematopoietic cell
types.

A more recently identified cdk inhibitor, p57%*2, con-
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tains an amino-terminal cdk inhibitory domain homol-
ogous to those present in both p21 and p27, followed by
unique proline-rich (28% ] and acidic segments (37% glu-
tamic and aspartic acid), and distal carboxy-terminal se-
quences related to those in p27 (Lee et al. 1995; Mat-
suoka et al. 1995). In vitro-translated mouse p57¥ir2
bound to cdk2, c¢dk3, cdk4, and cdké6 in a cyclin-depen-
dent manner but did not associate with CAK (cdk7—cy-
clin H) or with baculovirus vector-encoded cyclins pro-
duced in insect cells. After transfection of Mv1Lu mink
lung cells with tagged p57 molecules and retrieval of p57
from cell lysates, cdk2 and cdk4, as well as cyclins E, A,
and D1, were copurified. The p57%*2 protein can inhibit
the kinase activities of cyclin D-cdk4, D-cdk6, E—cdk?2,
E—cdk3, and A—cdk2 complexes in vitro, and its trans-
fection into mink lung cells (Lee et al. 1995) or into hu-
man Saos-2 osteosarcoma cells {Matsuoka et al. 1995)
induced G, arrest. As for p27¥'P! (see above), the latter
findings indicate that neither pRb nor p53 are required
for these effects of p57%*2 on the cell cycle.

Expression of p57%P> mRNAs is more tissue-restricted
than that for p27%®!, with a 1.5- to 1.7-kb species highly
expressed in placenta and at lower levels in skeletal mus-
cle, heart, kidney, lung, pancreas, and brain. An alterna-
tively spliced 6- to 7-kb p57 mRNA was detected in heart
{Lee et al. 1995; Matsuoka et al. 1995). Expression of p57,
studied in developing mouse embryos by in situ hybrid-
ization, was visualized at days 9.5-15.5 postcoitum in
brain, the lens epithelium of the eye, skeletal muscle,
and cartilage with the most intense signals being ob-
served in cell types that were not proliferating actively.
In tissues such as skeletal muscle and cartilage, the pat-
terns of expression of p57 overlapped with those of p21,
whereas in other tissues, they were quite different (Mat-
suoka et al. 1995). The chromosomal localization of hu-
man KIP2 is 11pl5, a region that undergoes frequent de-
letions or rearrangements in many forms of human can-
cer, in patients with the Beckwith-Weidemann
syndrome, which predisposes to rhabdomyosarcoma and
other tumors, and in Wilms’ tumor (Koufos et al. 1985;
Koi et al. 1993, and references therein). A putative tu-
mor-suppressor gene is thought to reside at this locus,
and KIP2 represents as reasonable a candidate as any.

p16™%** (MTS1, CDKN2, CDK4I) and the Ink4 family

In cells transformed by the DNA tumor virus SV40, cdk4
was observed to associate with a protein of M, 16,000 at
the expense of D cyclins (Xiong et al. 1993a). The cDNA
encoding this protein was isolated using a two-hybrid
interaction screen with cdk4 as bait and was predicted to
encode a 148-amino-acid polypeptide primarily com-
posed of four tandemly repeated ankyrin motifs, each
~32 amino acids in length {Serrano et al. 1993). Recom-
binant plé binds to cdk4 or cdké but not to cyclins or
other known cdks, forming a binary complex lacking ki-
nase activity. Addition of recombinant pl6 to catalyti-
cally active cyclin D-cdk4 or cyclin D-cdké complexes
assembled in insect Sf9 cells potently inhibited their pRb
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kinase activity, whereas p16 was without effect on other
cyclin—cdks. Because of its specificity as an inhibitor of
cdk4 (and cdké), the protein was designated Ink4 (now
Ink4a).

It was reasoned that the relative abundance of
pl6™X42 and D-type cyclins might determine the activ-
ity of the cdk4 kinase in vivo and therefore, regulate
G,-phase progression. Enforced expression of p16"™N%42 in
various cell lines induces G;-phase arrest (Guan et al.
1994, Lukas et al. 1995b; Serrano et al. 1995). However,
an apparent paradox was the significant elevation in p16
expression observed in tumor cells lacking functional
pRb (Xiong et al. 1993a; Okamoto et al. 1994; Otterson
et al. 1994; Tam et al. 1994a; Parry et al. 1995). Why
should a cdk4 inhibitor be overexpressed in proliferating
cells that lack this tumor-suppressor protein?

Serrano and co-workers (1993} suggested that pRb
might represent the sole critical substrate of D-type
cdks. Therefore, in cells lacking functional pRb, these
kinases would not be required, and the inhibitory func-
tion of p16™%4? would not be manifest. Consistent with
this hypothesis, overexpression of pl6 prevents prolifer-
ation in pRb-positive cells but is ineffective in pRb-neg-
ative cells (Guan et al. 1994, including embryo fibro-
blasts derived from Rb-nullizygous mice (Lukas et al.
1995b; Medema et al. 1995). Similarly, microinjected or
scrape-loaded antibodies to cyclin D1, although capable
of preventing S-phase entry in pRb-positive fibroblasts
{Baldin et al. 1993; Quelle et al. 1993} and inhibiting both
cyclin D—cdk4 activity and pRb phosphorylation in vivo
(Lukas et al. 1995a), are noninhibitory when introduced
into either pRb-negative tumor cells {Lukas et al. 1994,
Tam et al. 1994b) or into embryo fibroblasts derived from
homozygous, pRb-deficient mice {Lukas et al. 1995a).
pl6™¥42 can also suppress neoplastic transformation of
cultured fibroblasts by H-Ras and ¢c-Myc but not by H-ras
and E1A (Serrano et al. 1995). Therefore, p16'™N%*2 can act
upstream of cyclin D-dependent kinases to inhibit their
phosphorylation of pRb (see Fig. 1}, and in the absence of
pRb function, overexpression of p16™%42 or inhibition of
cyclin D-dependent kinase does not affect G,-phase pro-
gression.

The normal role of p16™¥%*2 in cell cycle control re-
mains enigmatic. Because pl6™%** invokes G, arrest
only under conditions in which pRb is present in its
hypophosphorylated growth-suppressive form, expres-
sion of pl6 in cells that have passed the restriction point
should have no deleterious effects on their progression
through the S, G,, and M phases of the cell cycle (Lukas
et al. 1995b). Therefore, it is conceivable that p16 might
act to down-regulate cdk4 and cdké once pRb has been
inactivated by phosphorylation (Serrano et al. 1993), in
turn, implying that the activities of these kinases in §,
G,, or M phase might otherwise be detrimental. The
simplest way to guarantee such a function would be to
place the INK4a gene under the control of pRb-regulated
transcription factors. Alternatively, pl6 might act as a
variable resistor, accumulating concomitantly with pRb
phosphorylation and determining the rate. If p16 levels
were to rise as pRb underwent phosphorylation, cyclin



D-dependent kinases would also need to reach a higher
threshold to ensure completion of the process. There-
fore, p16 might buffer the system by preventing the pre-
mature activation of pRb by small, ““accidental” in-
creases in these kinases. Either model predicts that in
cycling cells expressing functional pRb, p16™¥*® should
be induced in late G, phase [Tam et al. 1994a). Induction
of the protein earlier in G,, presumably in response to
certain antiproliferative signals, would provide a mech-
anism for invoking G, arrest.

pl6-cdk4 and pl6-cdké complexes assemble at the
expense of cyclin D—cdks in tumor cells lacking func-
tional pRb, either as a result of transformation by DNA
tumor viruses or in those in which pRb is mutated or
deleted (Serrano et al. 1993; Xiong et al. 1993a; Bates et
al. 1994b; Okamoto et al. 1994; Tam et al. 1994a,b; Parry
et al. 1995). Cyclin D1 undergoes rapid turnover whether
unbound or bound to cdk4 or cdké ({Matsushime et al.
1992), but the free form is degraded faster (t,,=10 min)
than the bound species (t,,, =25 min| {Bates et al. 1994b}.
Therefore, in pRb-negative tumor cells where pl16 com-
petes with cyclin D for cdk4 or cdké, the overall level of
cyclin D expression is reduced. Cyclin D1 transcription
is also subject to pRb-mediated controls {Miiller et al.
1994). If increasing amounts of recombinant pl6 are
added to mixtures containing cyclin D and either cdk4 or
cdké, pl6 and cyclin D form independent binary com-
plexes with the cdks, suggesting that pl6 and cyclin D
vie with one another for cdk-binding sites during assem-
bly of the different complexes (Parry et al. 1995). How-
ever, if pl16 is added to catalytically active cyclin D-cdk
complexes preassembled in insect S${9 cells, it enters into
stable ternary complexes with cyclin D—cdk without dis-
placing the cyclin; nonetheless, the resulting complexes
are catalytically inactive (Hirai et al. 1995). Together,
these findings suggest that p16 is a not only a bona fide
inhibitor of cyclin D—cdk4 holoenzyme activity but can
also interfere with cyclin—-cdk assembly (see Fig. 1). Be-
cause D-type cyclins turn over much more rapidly than
either pl16 or the cdks in living cells {Matsushime et al.
1992; Parry et al. 1995), it seems likely that D-type cy-
clins can be replaced progressively by excess pl6 if the
balance of expressed D-type cyclin and p16 is shifted in
favor of the latter.

Although pl6 is generally overproduced in pRb-nega-
tive human tumor cells, this may not be the case in
mouse embryo fibroblasts containing homozygously dis-
rupted RB alleles. Comparable amounts of cyclin D1 and
D2 proteins in complexes with cdk4 were recovered
from lysates of RB*/* and RB~’~ mouse fibroblasts,
and no differences in their kinase activities were ob-
served {Lukas et al. 1995a). These observations could re-
flect dissimilarities in pRb function in humans versus
mice. Heterozygous RB*/~ mice fail to develop retino-
blastoma but, instead, acquire RB~/~ pituitary tumors
later in life arising in cells that have sustained mutations
in their second RB allele [Clarke et al. 1992; Jacks et al.
1992; Lee et al. 1992). On the other hand, loss of RB may
not be sufficient to guarantee pl6 induction, and other
events occurring during multistep carcinogenesis might
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account for the observed elevations in p16 levels in pRb-
negative tumor cells. For example, disruption of pRb
function may occur in a biologic setting where p16 levels
are already elevated. One might imagine that pl16 (like
p21; see above} is induced as certain cells differentiate
terminally and exit the cell cycle, thereby limiting cy-
clin D-dependent kinase activity and helping to main-
tain pRb in its hypophosphorylated growth-suppressive
form. Several lines of evidence suggest that pRb plays an
important role in such processes (Coppola et al. 1990;
Weinberg 1991; W. Gu et al. 1993; Hamel et al. 1993;
Kato & Sherr 1993; Thorburn et al. 1993; J. Schneider et
al. 1994). Under these circumstances, loss of pRb func-
tion would bypass the cdk inhibitory activity of elevated
pl6, maintain cells in cycle, and predispose to tumor
formation.

Presently, three additional genes related to INKd4a
have been isolated, all of which encode polypeptides
composed of four repeated ankyrin motifs and specifi-
cally inhibit the activities of the cyclin D-dependent ki-
nases to induce cell cycle arrest (Guan et al. 1994, 1995;
Hannon and Beach 1994; Chan et al. 1995; Hirai et al.
1995). Synthesis of one of these proteins, pl15™K*b jg
induced in human epithelial (HaCaT) cells by TGF-B,
suggesting that it functions as an effector of cell cycle
arrest mediated by this cytokine {Hannon and Beach
1994). Unlike results of previous studies with MvliLu
mink lung epithelial cells, TGF-B treatment of HaCaT
cells had no effect on cdk4 synthesis. Given that cdk4
overexpression can override TGF-B-induced G, arrest
(Ewen et al. 1993b), formation of pl15—cdk4 complexes at
the expense of cyclin D—cdk4 would be expected to in-
crease the pool of free p27%'?!, thereby inhibiting cyclin
E—cdk2 activity as well (Polyak et al. 1994a; for review,
see Peters 1994) (Fig. 4B). mRNAs encoding p15™K4P
have been detected in many mouse tissues, including
spleen, lung, brain, heart, liver, colon, and kidney, but
those encoding mouse p16™%4* were only observed in
spleen and lung and to a lesser extent in liver even when
polymerase chain reactions were used to amplify the
same polyadenylated RNAs extracted from these tissues.

Two additional Ink4 family members, p18™NK4 and
pl9™X4d are also expressed ubiquitously in proliferating
cultured cells and in normal mouse tissues (Guan et al.
1994; Hirai et al. 1995). In cultured macrophages and
fibroblasts, p19"™~¥4d mRNA and protein levels oscillate
significantly during the cell cycle, being expressed at a
nadir during G, and undergoing abrupt induction as cells
enter S phase (Hirai et al. 1995). On the basis of the
periodic pattern of p19'"V¥4d expression in proliferating
cells and the failure to detect pl6™X** transcripts in
many mouse tissues, it may prove that an Ink4 family
member such as pl9, rather than pl6, might function
normally to limit the activity of cyclin D-dependent ki-
nases as cells exit G, phase. However, introduction of a
vector encoding p19 into mouse NIH-3T3 cells, in lead-
ing to constitutive pl9 synthesis, inhibits cyclin D1-
cdk4 activity in vivo and induces G, arrest {Hirai et al.
1995). The dependency of pl9 on pRb has not been
tested, but it is intriguing that p18, like p16, seems to
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rely on the presence of functional pRb to arrest the cycle
(Guan et al. 1994).

Given that all Ink4 proteins share as yet indistinguish-
able biochemical properties, why are there so many and
how do they contribute individually to cdk4 and cdké
regulation in vivo? By analogy to the D-type cyclins
whose biochemical functions appear to be redundant,
the INK4 genes might respond differentially to antipro-
liferative signals. In addition, their capacity to enter into
higher order complexes with cyclin D and cdk4 leaves
the possibility open that they make independent con-
tacts with other as yet unidentified cdk-associated pro-
teins. It is of interest that p19"™%4d was cloned in a two-
hybrid interaction screen using the orphan steroid recep-
tor Nur77 (NGFI-B) as bait {Chan et al. 1995), pointing to
possible interactions between pl9 and transcription fac-
tors. There is no evidence that Ink4 proteins interact
with such proteins in mammalian cells, but in yeast, the
cyclin—cdk (Pho80-Pho85) inhibitor Pho81 (Kaffman et
al. 1994, K. Schneider et al. 1994) has been reported to
contact the transcription factor Pho4 in regulating phos-
phate metabolism (Hirst et al. 1994), providing a singular
precedent.

The ability of pl6 and pl8 to arrest G, progression
only in cells containing functional pRb implies that the
loss of Ink4 proteins, like loss of pRb, might similarly
predispose cells toward tumor development. Genetic
linkage analysis of families with hereditary melanoma
localized a putative susceptibility gene to the short arm
of human chromosome 9, band p21 {Cannon-Albright et
al. 1992), a relatively frequent site of chromosomal rear-
rangement and loss of heterozygosity in other sporadic
tumors (Kamb et al. 1994a; Nobori et al. 1994, and ref-
erences therein). The critical region of chromosome 9p21
includes the tandemly linked INK4a and INK4b genes
(designated MTS1 and MTS2, respectively), and the lo-
calization of frameshift, nonsense, and missense muta-
tions to INK4a-codi~ sequences argued that pl6 was
likely to be the relevant target (Kamb et al. 1994a;
Nobori et al. 1994). Despite some initial skepticism that
pl6 mutations might be characteristic of established cell
lines rather than of primary tumors from patients, a se-
ries of reports, some still emerging, now suggest that
deletions and mutations involving INK4a occur in many
different types of human cancer (Caldas et al. 1994; Ha-
yashi et al. 1994; Hebert et al. 1994; Hussussian et al.
1994; Jen et al. 1994; Kamb et al. 1994b; Mori et al. 1994,
Schmidt et al. 1994; Okuda et al. 1995; for review, see
Sheaff and Roberts 1995). Particularly compelling are re-
cent findings that several tumor-derived alleles of INK4a
containing missense mutations, including ones strongly
associated with familial melanoma by genetic linkage
analysis and others detected in sporadic carcinomas, en-
code functionally aberrant pl6 proteins (Lukas et al.
1995b; Renade et al. 1995; Yang et al. 1995). Deletion of
INK4a appears to be restricted to subsets of tumor cells
that retain pRb function and vice versa (see Otterson et
al. 1994 for a comprehensive example involving lung
cancer), again suggesting that the loss of either gene
makes disruption of the other’s function irrelevant.
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Moreover, in glioblastomas, homozygous INK4a dele-
tions were detected in 41% of 46 examined cases,
whereas an additional 28% showed hemizygous dele-
tions (Schmidt et al. 1994}. Another subset of cases had
amplification of the cdk4 gene, implying that pl6 and
cdk4 also function in a common regulatory pathway (see
Fig. 1). Because INK4a and INK4b are so closely linked
that deletions most frequently involve both genes, the
loss of both gene products may be significant in the de-
velopment of certain types of tumors.

The INK4c and INK4d loci map to chromosomes 1p32
and 19pl3, respectively (Guan et al. 1994; Chan et al.
1995; K.L. Guan, C.W. Jenkins, Y. Li, C.L. O’Keefe, S.
Noh, X. Wu, M. Zariwala, A.G. Matera, and Y. Xiong, in
prep.), and there is as yet no evidence that the product of
either gene acts as a tumor suppressor. No deletions or
rearrangements of INK4d were observed in blast cells
from patients with acute lymphocytic leukemia, many
of which {15%-20%) had sustained homozygous or hem-
izygous INK4a and INK4b deletions (Okuda et al. 1995).
It would be naive to assume that all Ink4 proteins have
the capability to act as tumor suppressors, particularly if
different family members carry out distinct biologic
functions. For example, one such protein {e.g., p19/™N¥4d)
might serve primarily to extinguish cdk4 and cdk6 ac-
tivity as cycling cells exit G, phase, whereas another
(e.g., p16"™%*2) might be expressed normally at relatively
low levels in cycling cells but be induced preferentially
in response to genotoxic damage, antiproliferative cyto-
kines, or as cells terminally differentiate. Hence, the
consequences of their functional inactivation might well
be quite different, with the loss of only certain ones be-
ing critical in carcinogenesis.

“Avoid running at all times”’

This advice was rendered by Satchell |Leroy| Paige, one
of the greatest baseball pitchers of the century, who
knew how to martial his extraordinary talents and
thereby prolong his career. In his folksy wisdom, he may
have inadvertently told us something about cell cycle
control.
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